Through Earth history, atmospheric oxygen has increased from initial values near zero to its 2 present day level of about 21% by volume; concomitantly, changes in ocean redox conditions 3 have fundamentally altered global biogeochemical cycles. While there is a reasonable 4 understanding of where oxygen history begins and ends, the quantitative timetable of 5 oxygenation that links the endpoints has proven contentious. Equilibrium between marine 6 surface environments and the overlying atmosphere suggests that carbonate-based redox 7 proxies could refine paleoredox records in time and space. Here we explore the use of Zn/Fe 8 ratios to infer the evolution of atmospheric O 2 through time, based on marine carbonate 9 rocks that are well characterized in terms of depositional age, environmental setting, and 10
Introduction 23
Earth's O 2 -rich atmosphere, unique among known planets, has played an essential 24 role in evolving feedbacks between life and environment. Atmospheric O 2 was extremely 25 low in the Archean Eon (>2.5 billion years ago), and while multiple lines of evidence suggest 26 that Earth's oxygenation was protracted (Kah and Bartley, 2011; Kah et al., 2004; Lyons et 27 al., 2014; Planavsky et al., 2014) , pO 2 may have risen abruptly at two different points in 28 time: first during the "Great Oxygenation Event" (GOE) at ~2.4 billion years (Ga) (Canfield, 29 2005; Farquhar et al., 2011; Guo et al., 2009; Holland, 2006) , when atmospheric O 2 rose 30 from <0.001% to an intermediate value commonly estimated as 1 to 10% of the current level 31 (Farquhar et al., 2000; Pavlov and Kasting, 2002) , and again during a "Neoproterozoic 32
Oxygenation Event" (NOE) at ~800 to 542 million years ago (Canfield and Teske, 1996; 33 Fike et al., 2006; Frei et al., 2009; Och and Shields-Zhou, 2012) . The latter transition may 34 well have continued into the Phanerozoic Eon, eventually resulting in near-present O 2 35 (Berner, 2006; Dahl et al., 2010; Sperling et al., 2015) . 36
Redox-sensitive major and trace elements in iron formations and black shales 37 deposited beneath euxinic waters have been developed as proxies to reconstruct 38 paleoenvironmental history in deep time (Konhauser et al., 2009; Sahoo et al., 2012; Scott et 39 al., 2008) . The paucity of these facies in many Proterozoic successions, however, limits the 40 continuity of current reconstructions of Earth's oxygenation. Here we provide evidence for 41 the hypothesis that carbonate-based redox proxies can provide an independent estimate of 42 past pO 2 , expanding the paleo-redox record in time and space (Hardisty et al., 2014) . 43
Limestone and penecontemporaneous dolomites that retain depositional signatures well 44 (Wilson et al., 2010) Paleoenvironmental research on carbonate rocks commonly focuses on individualstratigraphic successions; here we adopt a complementary strategy, analyzing a large suite of 48 Phanerozoic, Proterozoic, and Archean samples that enables us to make statistical statements 49 (Sperling et al., 2015) about Zn/Fe in the global surface ocean through geologic time. More 50 importantly, we develop a new tool to provide quantitative constraints on atmospheric pO 2 51 through Earth history. 52
In the modern ocean, zinc input from hydrothermal ridge systems (~4.4 × 10 9 53 mol/year) is an order of magnitude greater than riverine fluxes (~3.4 × 10 8 mol/year) 54 . As an essential nutrient in many phytoplankton enzymes, especially 55 those of eukaryotes (Williams and da Silva, 1996) , zinc plays an important role in marine 56 primary production, and for this reason, Zn is depleted in surface waters relative to the deep 57 sea (Morel and Price, 2003) . Zn concentrations in euxinic black shale and iron formations 58 Scott et al., 2013) , however, suggest that the bioavailability of Zn has 59 not changed dramatically through Earth history. The Fe budget is similar to that of Zn, 60 with lognormal distributions (see Fig. 2 equilibrium between atmosphere and surface ocean on hundred million year time scales, we 147 can write the equation using atmospheric oxygen fugacity, ( 2 ) , as 148
[2], 149 if we assume the Zn concentrations in seawater and partitioning of Zn/Fe from seawater to 150 carbonate minerals are constant over Earth history. Therefore, we can write the equation 151 normalized to Zn 2+ as 152
[3], 154 in which superscripts P and M indicate the past and modern parameters. Assuming pH and K 155 are constant (see SI 4), we can simplify the relationship between Fe/Zn ratios and ( 2 ) , as 156
, where ( 2 ) is the oxygen fugacity in the past (any time in Earth's 157 history), ( 2 ) is the oxygen fugacity in modern time, and 158
provides Zn/Fe ratios in past carbonate normalized to modern values. If we assume that 160 atmospheric O 2 is in equilibrium with the shallow marine environment, and that we know the 161 current atmospheric ( 2 ) (0.21) and the modern seawater Zn/Fe ratios as reflected in Zn/Fe 162 ratios of marine carbonates, we can use Zn/Fe to calculate ( 2 ) at any given time of Earth 163 history (Fig. 3 ). This ( 2 ) curve provides a more continuous coverage of atmospheric O 2 164 levels compared to compilations derived from multiple geochemical tracers, such as mass-165 independent S isotopes and paleosol records (Catling and Claire, 2005; Rye and Holland, 166 1998) . 167
The ( 2 ) curve in Fig. 3 reproduces what we think we know about oxygen history: 168 estimated pO 2 is extremely low in the Archean and reaches modern levels only in the mid-169 Paleozoic Era. Moreover, the estimates match our current understanding (Lyons et al., 2014 ) 170 of a general two-step increase of atmospheric O 2 around the GOE and the NOE. Importantly, 171 our study provides an estimate of the upper and lower bounds on pO 2 in the mid-Proterozoic 172 atmosphere, with a preferred value between 0.1 and 1% PAL. This value is substantially 173 lower than traditional estimates based on paleosol work (Canfield, 1998; Rye and Holland, 174 1998 ), but consistent with recent estimates based on an independent tracer, a kinetic model 175 for Cr-Mn oxidation and Cr isotopes in ironstones (Planavsky et al., 2014) . We conducted 176 sensitivity tests of temperature and pH variations on our pO 2 estimates and found that the 177 influence of temperature is negligible. pH, however, could potentially lower pO 2 estimates, 178 especially for earlier samples when pCO 2 was high (see SI 4 for details); thus, our estimates 179 of Proterozoic pO 2 should be considered conservative and may overestimate past oxygen 180 levels. There are hints of biologically interesting structure in the Neoproterozoic and 181
Cambrian records, but at present our sample numbers and bin sizes are too small to address 182 this in detail. As more carbonate data become available for key transitional time periods such 183 as those around GOE and NOE, potentially complex secular patterns of redox change may 184 become clearer. Further investigations on well-constrained modern and Phanerozoic marine 185 carbonates are currently underway to evaluate with more quantitative rigor the potential 186 effects of diagenesis, mineralogy, and ocean depth gradients distributions on the proxy 187 proposed here. 188
Conclusion 189
In summary, we have demonstrated the potential for using divalent cations in 190 carbonates as sensitive proxies for the evolution of Earth's near surface environment. Tables   Table S1 . Zn/Fe ratios with sample name and age information from this study. as well as C and O isotopic signatures. We did not fix the selection criteria; rather, we adopted the selection criteria used by individual researchers for the different localities and published in their original descriptions. Readers can refer to the original papers that describe the samples in the reference lists below (SI 6. References) . In addition, we studied REE patterns and Eu anomalies to avoid samples with significant hydrothermal alternation (e.g., respectively. So, diagenesis will cause decrease in Zn/Fe ratios by incorporating more Fe than Zn in carbonates. Even though, every carbonates we studied today have been through diagenesis. That is why we are adopting a statistic treatment of our global data.
Geologic

SI 3. Statistical analysis of data
Temporal data sets are subject to biases associated with sampling: recent geological eras are commonly represented by more samples, and some formations are represented by multiple analyses. Since we do not know exactly how the effect of diagenesis, local primary production, mineralogy and kinetic effect influence on the Zn/Fe values, we therefore adopted three discrete approaches to statistically evaluate Zn/Fe data through time aiming to investigate the population behavior. First, we divided the entire sample population into eight bins of different duration to make sure each bin has statistically meaningful sample numbers (where n > 50, expect for one, bin with n = 38). The bins were chosen to reflect current hypotheses for pO 2 evolution through time; specifically, we chose a bin boundary at 800 Ma to reflect the recent hypothesis of Planavsky et al. (2014) concerning mid-Neoproterozoic oxygenation, and we broke out Cryogenian, Ediacaran and Lower Paleozoic bins in an attempt to illuminate existing hypothesis concerning Ediacaran-Cambrian oxygen increase.
Each bin contains samples from at least two different geological formations. The choice of the bin breaking points is based on convenience and what is already know about pO 2 evolution through Earth history. For example, the first bin is from 3.5 -2.5 Ga, which is the Pre-GOE time, where we expect low pO 2 and we observe low Zn/Fe and little variation of Zn/Fe. We divide the following bin into 2.5-2.0 Ga and 2.0-1.5 Ga, to have statistical meaning number of samples in each bin. Then we have three different formation from ~800
Ma with high Zn/Fe compared to Pre-1.0Ga samples and therefore we make a bin from 1.5-0.8 Ga. For the following time periods, we divide bins into several geological meaningful groups, as 800-635 Ma (Cryogenian), 635-541 Ma (Ediacaran), 541-300 Ma (earlier Paleozoic), and 300-0 Ma (later Paleozoic, Mesozoic and Cenozoic) to make self-consistent and statistically meaningful sample subsets.
We then performed a box-whisker plot for all data (Fig. S3) , where median, 50%, and outliers (outside of 3 sigma of the population) of Zn/Fe values were calculated for each bin, which are shown with red lines (orange lines in Fig. 2 ), blue boxes, and red crosses, respectively in Fig. S3 . In a second approach, we divided data into the same ten bins as in the previous approach, but we plotted histograms for each bin (Fig. S4) . Data in nearly all of the bins follows a lognormal distribution, which permits calculation of means and standard deviations for each of the 10 bins (shown with blue lines in Fig. 2 ). In a third approach, we calculated average composition for each geological formation, which reduces the influence from sampling bias. For example, some localities/formations are represented by 20 samples, whereas others incorporate 10 or fewer. The formation averages are shown in Fig. 2 
Discussion of assumptions
This approach requires several critical assumptions, one of which is that we assume the pH of the ocean has not changed significantly through Earth's history-an assumption supported by some studies ).
However, we do recognize the possible great influence of pH change on quantitative constraint of atmospheric O 2 . We also assume a constant Zn concentration in seawater through time. Although Zn concentrations, theoretically may have responded to changes in enzymatic use during biosphere evolution, there is no evidence for change in Zn bioavailability change through time Scott et al., 2013) . However, Zn concentrations in seawater may drop during the Mid-Proterozoic due to some extent of euxinia (~1~10 % of modern seafloor area) (Johnson et al., 1992) and the results are shown in the following figure.
Generally, when T increases, log K (also K) decreases, but still not so much. The fO 2 estimate in the Archean will increase by approximately 40%. Therefore, even if we assume the most extreme ocean temperature (100 o C), the uncertainty caused by temperature change on fO 2 estimate is much smaller compared to uncertainties generated by Zn/Fe variations in carbonates (Figure 3) , which is at least one order of magnitude.
Second, we carry out a sensitivity test on pH change:
The modern day seawater has a pH of ~8 (M in the equation). If we assume a lower pH in the past (P in the equation), we can rearrange the equations as Final, we get the new pH dependent relationship as
Therefore, if the pH is lower in the past, this will cause the O 2 estimate to be lower. This also means that the O 2 level we estimate is the maximum values assuming the pH was lower in the past. Also, if we change the pH from 8.1 to 7.6, estimated O 2 is four orders of magnitude lower because the O 2 estimate is sensitive pH change. Since we do not know how seawater pH change through time, and there is no evidence that it changes dramatically on the order of hundreds of million years, we keep the pH constant in our model. However, if we understand better how pH change through time, we can plug in pH in above equations and get a more accurate estimate of O 2 evolution through time. Figure S1 . Comparison of measured trace elements with those reported for Inoue et al. (2004) for the JcP-1 standard. The full analytical method is discussed in the method section fallowing the main text. Figure S2 . Zn/Fe ratios in marine carbonate, plotted with information on sample lithology. Figure S3 . Box-whisker distribution of all samples. The sample population is divided into eight bins (Bin1: 3.5 -2.5 Ga, Bin2: 2.5-2.0 Ga, Bin3: 2.0-1.5 Ga, Bin4: 1.5-0.8Ga, Bin5: 800-635 Ma, Bin6: 635-541Ma, Bin7: 541-300Ma, Bin8: 300-0 Ma) of different duration to make sure each bin has statistically meaningful sample numbers (where n > 50, expect for one, bin with n = 38). Each bin contains samples from at least two different geological formations. We show a Box-whisker plot for each group. Median values are indicated by the red lines and each individual boxes include 50% samples and whiskers mark the 3 sigma boundaries of the group population. Red crosses fall out of whiskers and are considered outliers. Figure S4 . Histograms of Zn/Fe ratios with lognormal fitting in red. We group all data into eight different bins (age distribution of the bins is provided in Fig. S2 ) and plot the lognormal distribution for each group. Figure S5 . Zn/Fe molar ratio versus time for carbonates averaged by formation. A polynomial fit through the formation average data.
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